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microscope was determined as 224° counter-clockwise ( Supplementary Fig. 2 left) , and it was not tilted around its vertical axis. When mapped by XRF, the same grid was rotated in-plane by ~6° counter-clockwise ( Supplementary Fig. 2 right) and also tilted by 10° around its new vertical axis toward the fluorescence detector, i.e. the axial tilt of the XRF image. Therefore, the difference in specimen in-plane rotation during SXT and XRF data collection was ~218°.
To align both datasets, the SXT 3D reconstructed image was rotated by ~218° clockwise and then by -10° rotation around its new vertical axis.
Alignment Method 2 -Modeling of iron distribution and affine transformation to measured data used in parasite #8.
This method starts with the simple alignment (Method 1) followed by a further refinement described in the next paragraph. The in-plane orientation of the sample grid (IFR-1) in SXT and the XRF microscopes differed 90°. The grid tilt around its vertical axis in the XRF setup was 8°. Hence we rotated the 3D segmentation by 90° clockwise in-plane and then by -8° around its new vertical axis.
Following this simple alignment, we simulated the X-ray fluorescence map by assigning iron densities to the 3D volumes of the hemozoin crystals (1.42 atoms/nm 3 known from their crystal structure 2 ) and the red blood cell cytosol (~0.012 atoms/nm 3 , corresponding to 5mM hemoglobin concentration in a normal red blood cell 3 ). The resulting 3D map of iron was projected along the axis of the x-ray beam resulting in a 2D map of iron content (Fig. 4A ). The iron quantity was converted to fluorescence counts using the fluorescence conversion coefficient. The resulting fluorescence image was convolved with a 2D Gaussian function and Poisson noise was added (Fig. 4B ) to simulate the actual measurement (Fig. 4C) . The close resemblance of the simulated and the experimental maps allowed selection of twelve fiducial points on each of them (black stars on Fig. 4 B and C ). An affine transformation of the fiducial point coordinates in both maps was calculated using the cp2tform function from the Image Processing Toolbox, MATLAB. The resulting transformation was then applied to the fluorescent map, thereby compensating for thermal sample drift during the fluorescence scan.
Estimate of iron concentration in the parasite compartments
The iron maps obtained by the X-ray fluorescence scans are two dimensional projections of different iron containing structures with various iron concentrations. The different paths of xrays through the cellular compartments with various concentrations of iron give variation in the projected iron content. For instance, consider two X-ray beam paths xr1 and xr2 shown in the main text Fig. 3C . In the xr1 case, the X-ray beam illuminates only the red blood cell cytosol, hence the resulting projected iron content is given by a product of iron density c R and the beam path h 1 , multiplied by the pixel area A, i.e. c R h 1 ×A. In the xr2 case, the total iron count in the corresponding pixel is a sum of the products of iron densities and x-ray beam paths in the cellular compartments it traverses multiplied by the pixel area, (c R (h 2 +h 3 )+c p h 4 +c D h 5 )×A. Subscript R corresponds to the red blood cell cytosol, p to the parasite cytosol, D -the digestive vacuole excluding the hemozoin crystals
We used two methods to identify the iron content in hemozoin crystals and the non-crystalline heme concentration in the digestive vacuole.
Method 1 -Estimate of iron content in hemozoin crystals from XRF data in cells 1 -7 This is a first approximation to iron concentrations based on the simpler alignment procedure (Method 1) described above. The iron density in the hemozoin crystals is 1.42 atoms/nm 3 . For comparison, the iron density in 5mM RBC's hemoglobin is 0.012 atoms/nm 3 . Hence, hemozoin crystal content yields high iron fluorescence signal, notably higher than that of the rest of the cellular content ( Fig.2 ).
Following the alignment procedure, we verified that the area of the high iron fluorescence signal matches the location of hemozoin crystals in the SXT images. Using the fluorescence conversion coefficient k cts→Fe =3600 (vide supra), we converted the iron fluorescence signal to iron content. We then measured the projected iron content near (but outside) the area containing hemozoin crystals, at a distance of 300-600 nm away from the edge of the sharp increase in the iron signal due to the crystals. Such a measurement should contain non-crystalline iron content, Fe meas ( 0 , 0 ) = Fe R+p+D-Hz ( 0 , 0 ), where 0 , 0 are pixel coordinates near (but outside) the hemozoin-containing area, with subscript D-Hz denoting the digestive vacuole excluding the hemozoin crystals. This non-crystalline iron is found in the red blood cell cytosol, the parasite cytosol, and as non-crystalline heme within the digestive vacuole. Conversely, the area of high iron counts includes both non-crystalline and crystalline iron, i.e. Fe meas ( 1 , 1 ) = Fe R+p+D-Hz ( 1 , 1 ) + Fe Hz ( 1 , 1 ) where 1 , 1 are pixel coordinates inside the Hzcontaining area. We make a reasonable assumption in this measurement that over a small area the variation of the projected non-crystalline iron content, Fe R+p+D-Hz ( , ), is insignificant. Thus the average level of the projected non-crystalline iron content near and within the relatively small Hz-containing area should be similar:
Thus we can estimate hemozoin iron content by simple subtraction of the average of noncrystalline iron content from the surrounding area:
Method 2 -Estimate of iron content in cell 8 from XRF data and aligned volumes from SXT data.
This method required precise alignment of the XRF map and the SXT segmented volumes since it relies on precise measurement of the X-ray beam path through the cellular compartments.
Consider two x-ray beam paths, xr1 when the X-ray beam passes though one cellular compartment and xr2, when the X-ray beam passes through three cellular compartments Fig. 4A : xr1 path -In the case of the xr1 path, the beam traverses one cellular compartment, namely red blood cell cytosol. The iron content in this case is given by the formula c R h 1 ×A, where c R is iron concentration within the red blood cell cytosol, h 1 is the x-ray beam path through the cytosol and A is the pixel area. The cytosol volume corresponding to this pixel ("projected volume") is h 1 ×A a product of the pixel area and the x-ray beam path length through this compartment. The iron concentration along this path can be easily calculated by division of the XRF iron count by the SXT projected volume. xr2 path-The iron signal along this path is a sum of products of iron concentrations along each of the cellular compartments and their corresponding volumes, i.e. (c R (h 2 +h 3 )+c p h 4 +c D h 5 )×A. In this case the calculation of iron concentration in a compartment of interest depends on knowledge of iron concentrations in the remaining compartments. Thus, in order to calculate iron concentration in, say, the digestive vacuole (DV) we should first measure iron content in an area where the X-ray beam traverses only the red blood cell cytosol that will yield c R . With known c R, then we should measure iron content in the area of two compartments, e.g. the red blood cell cytosol and the parasite. This will yield c P . Knowing c P and c R , we then need to measure iron content in the area of three compartments: the DV, the parasite cytosol and the red blood cell cytosol. This way we will calculate c D since the iron concentration in the other compartments are obtained in the two previous steps.
Due to the presence of the hemozoin crystals, the iron concentration within the DV is nonhomogeneous. We can measure the iron concentration in the DV in every pixel of the projected digestive vacuole area D ( , ). The average of this value multiplied by the volume of the DV yields the total iron content:
Measurement of D ( 0 , 0 ) within the DV but away from the hemozoin crystals (see area outlined with purple dots in Fig.3) gives the concentration of non-crystalline iron (i.e. non-crystalline heme), D−Hz ( 0 , 0 ). See Supplementary Table 1 Thus the iron content in hemozoin crystals was calculated as Fe(Hz)=2·V(Hz)/v UC (Hz).
For the measured V(Hz) the number of iron atoms in hemozoin, Fe(Hz), is 3.03 −0 +0.45 × 10 8 .
Estimation of heme crystallization rate in various in vitro environments
Fitch et al. 5 measured heme crystallization in the presence of various lipids known to be present in the parasite (Plasmodium berghei). They found the highest rates (38.5 nmol/ml/hr) in the presence of 1-mono-oleoylglycerol. We converted this into heme monomers/sec per average volume of the digestive vacuole ~5 fl as measured from segmented SXT images (parasite #8 + ref 6 ), and then multiplied by the measured fraction of hemozoin crystals (60%) that Fitch et al.
observed in their reaction to yield the estimate within lipid in Table 2 . Fitch et al. found that the rate of hemozoin formation in an aqueous medium was 2% that of lipids, leading to the in vitro rate estimate within aqueous medium in Table 2 .
Jani et al. 7 measured 1566 heme monomers/hr formed by HDP, and found an average of 40 zeptomoles HDP per parasite, leading to the in vitro rate estimate for HDP in Table 2 .
Olafson et al. 8 measured the rate of growth of beta hematin crystals in buffer saturated octanol used to mimic a lipid sub-phase as 0.0008 nm/s. 20 crystals with dimensions 500x50x50 nm 3 would grow by 1600 nm 3 /s, absorbing about 3200 hematin molecules/s.
X-ray tomography 3D reconstruction
The collected projection series were aligned using the Bsoft software package 9 and reconstructed using the weighed back-projection algorithm implemented in either the TOMO3D software 10 or the OS-SART algorithm implemented in the TomoJ software package 11 (for analysis of X-ray absorption coefficients in parasite #8).
The three dimensional structure of the infected red blood cells was obtained by manual segmentation of the reconstructed tomograms. The cellular compartments segmented for this study were red blood cell cytosol, parasite cytosol, digestive vacuole, and hemozoin crystals. The segmented compartments were visualized by surface rendering using the Avizo software package.
Calculation of hemoglobin degradation rate by falcipain 2
The degradation rate of hemoglobin by falcipain 2 is calculated using the results reported by Chugh et al. Figure S3 (D) in Chugh, et al. 12 shows 75% of hemoglobin digested after 3 hours. 75% of 30 mg of hemoglobin corresponds to 1.97×10 14 molecules. There are 50nM of falcipain 2 protease concentration in 1 ml (see Methods section in Chugh, et al. 12 ) This corresponds to 3×10 13 falcipain 2 molecules. Hence, the rate of hemoglobin degradation per single falcipain 2 molecule is ~606 hemoglobin molecules per second. There are ~24000 HDP molecules in the malaria parasite according to Jani et al. 7 Assuming there is an equivalent amount of falcipain 2 (since it is complexed with HDP), the overall rate of hemoglobin degradation in the digestive vacuole would be 24000*606=1.45×10 7 Hb/s Supplementary Figure 2 Orientation of the specimen grid in the transmission X-ray microscope (TXM), left, and in the X-ray fluorescence microscope, right. Letter "E" printed on the specimen grid is highlighted with a dotted red line. The in-plane orientation of the grid for both cases is shown in degrees.
